Purpose: The purpose of the study was to prospectively establish the use of a novel multidetector computed tomography unit (MDCT) with 320 Â 0.5 detector rows for the evaluation of tracheomalacia by using a dynamic expiratory low-dose technique. Methods: Six adult patients (5 men, 1 woman; mean age, 53.7 years [37e70 years]) referred for a clinical suspicion of tracheomalacia were studied on a 320-row MDCT unit by using the following parameters: 120 kVp, 40e50 mA, 0.5-second gantry rotation, and z-axis coverage of 160 mm sufficient to cover the thoracic trachea to the proximal bronchi. Image acquisition occurred during a forceful exhalation. The image data set was subject to the following analyses: cross-sectional area of airway lumen at 4 predefined locations (thoracic inlet, aortic arch, carina, and bronchus intermedius) and measurement of airway volume. Results: All 6 patients had evidence of tracheomalacia, the proximal trachea collapsed at a later phase of expiration (3e4 seconds) than the distal trachea (2e3 seconds). The most common region of airway collapse occurred at the level of the aortic arch (5/6 [83%]), Three patients (50%) had diffuse segmental luminal narrowing that involved the tracheobronchial tree. The radiation dose (estimated dose length product, computed tomography console) measured 293.9 mGy in 1 subject and 483.5 mGy in 5 patients. Conclusions: Four-dimensional true isophasic and isovolumetric imaging of the central airways by using 320-row MDCT is a viable technique for the diagnosis of tracheomalacia; it provides a comprehensive assessment of airways dynamic.
Introduction
Tracheomalacia (TM) and tracheobronchomalacia (TBM) are characterized by excessive airway collapse during respiratory maneuvers. In adults, airways instability is usually a secondary phenomenon diagnosed after trauma, for example, after tracheostomy [1] or after inflammatory disease [2] or in patients with severe chronic obstructive pulmonary disease, notably emphysema [3] . Clinical symptoms of TM or TBM are nonspecific and include cough, wheeze, or dyspnea. Fiberoptic bronchoscopy is conventionally accepted as the current criterion standard to investigate TM and TBM, because the technique can be used to perform real-time dynamic airway assessment [4] . Increased understanding of airway dynamics combined with sequential advances in multidetector computed tomography units (MDCT) and 3-dimensional (3D) postprocessing software facilitated dramatic improvements in noninvasive imaging of the central airways [5e10] . Respiratory maneuvers, such as forceful expiration [11] or coughing [12] , demonstrated the importance of assessing the airway during the optimal phase of respiration to increase the accuracy of computed tomography (CT) in diagnosing TM or TBM. However, compared with fiber-optic bronchoscopy, these techniques are limited in performing a comprehensive real-time evaluation of the entire airway because of the limited anatomical coverage of 4-, 16 -, and 64-row MDCT compared with the length of the intrathoracic trachea. The development of a large-area detector CT with 160 mm of anatomical coverage facilitates dynamic imaging of the entire intrathoracic trachea and proximal main bronchi during all phases of respiration. We describe the use of a novel large-area detector CT unit with a dynamic low-dose technique to generate isophasic and isovolumetric 4-dimensional (4D) analysis of the airway to diagnose airway instability.
Materials and Methods
Six adult patients (5 men; mean age, 53.7 years [range, 37e70 years]) were referred for CT evaluation of the trachea with a clinical suspicion of TM. Five of the patients had confirmation of TM on conventional airways assessment (2 cases by pulmonary function tests, 3 via bronchoscopy) subsequent to CT. The remaining patient had dramatic positive findings on CT and declined further investigations. Our institutional research ethics board approved this study and waived the requirement for individual patient consent.
Each subject was examined on a 320-row MDCT unit by using 320 Â 0.5 mm detectors (Aquilion ONE Dynamic Volume CT; Toshiba Medical Systems, Otawara, Japan), which provided a craniocaudal (z-axis) coverage of 160 mm, sufficient to cover the airway from the lower end of the larynx to the origin of the lower-lobe bronchi (Figure 1 ). The volume CT has a maximum gantry rotation (GR) of 350 msec, for this protocol, we selected a slower GR, of 500 msec, to reduce patient radiation exposure. A section thickness of 0.5 mm was used to reconstruct tracheal images at 3 mm, with a 50% overlap on a body standard volume filter and a 30.6 Â 30.6 cm field of view centered on the airways. Additional mediastinal and lung images were reconstructed at 5 mm, with 50% overlap, by using standard reconstruction algorithms as for routine clinical thoracic CT examinations. The tube potential (kVp) was maintained at 120 kVp, but the tube current (mA) was stratified according to the patient's body weight as follows: 40 mA (20 mAs) for patients who weighed 60e90 kg and 50 mA (25 mAs) for patients who weighed more than 90 kg. All patients received coaching in breathing to coordinate respiratory excursion with x-ray tube activation; the patients were instructed to take a deep breath in, hold it for a count of 2, and then to perform a forceful exhalation. Data acquisition was commenced during the brief period of breath holding to image the airway during full inspiration and continued through the phase of forceful expiration. During the coaching period, the time (T exp ) taken from maximal end-inspiration (total lung capacity) to the end of forceful exhalation (residual volume) was measured. If T exp 4 seconds, the predetermined total x-ray exposure time was set at 4.5 seconds (9 CT volume data sets). If T exp >4 seconds, then the total x-ray exposure time was extended to 6.5 seconds (13 CT volumes) to allow for completion of the expiratory phase. Volumetric, nonhelical CT data were acquired during the respiratory cycle from end inspiration to end expiration and reconstructed as axial and 4D volumetric rendered images. An experienced thoracic radiologist (N.P., with 13 years of postfellowship training) and a thoracic radiology fellow (U.W.) independently reviewed the CT images for the presence of airways collapse. Disputes were settled by consensus. The data set was subject to the following analyses.
Assessment of Predefined Axial Locations
Preliminary assessment was made on axial images at predefined levels as described by Baroni et al [11] , namely, at the level of the thoracic inlet, the dome of the aortic arch, the carina, and the bronchus intermedius. This was performed to reproduce, as far as possible, the technique used to assess TM with earlier generations of CT units when using 4-64 detector rows. These images were assessed on a PACS (picture achieving and communication system) workstation (efilm, Merge Healthcare, Milwaukee, WI) and a 3D postprocessing workstation (Vitrea 2; Vital Images Inc., Minnetonka, MN). A manual contour of the lumen was traced by using electronic calipers that outlined the inner wall of the airway at the level of the area of maximal collapse (EA) and at the corresponding level on the inspiratory images (IA) to determine the cross-sectional areas ( Figure 2 ). The percentage of luminal collapse (LC) was calculated according to the method proposed by Lee et al [9] : LC ¼ (IA e EA) / IA Â 100. TM and TBM were diagnosed if the LC was 50% or greater.
Volumetric Tracheal Measurement
Volumetric airway assessment was performed by using a dedicated software tool on the CT console. A 4D volumerendered image of the trachea and proximal bronchi was generated after skeletonizing the bronchial tree by placing a seed point in lung parenchyma that connected adjacent voxels that measured e800 to e1000 Hounsfield units in density. Subsequently, the lung was segmented from the tracheobronchial tree. Manual contours of the lumen were traced by using electronic calipers that outlined the inner wall of the airway, and additional postprocessing software was used to generate the volume-rendered image of the airway from the level of the thoracic inlet to the lower end of the carina. The percentage volume change of the airway, from full inspiration to maximal LC, was compared with the percentage reduction in luminal diameter, from analysis of the axial image data set to evaluate which index represented a more sensitive measure of TM.
Calculation of Radiation Dose
The extended detector array coverage of the dynamic volume CT unit requires adaptation of conventional CT dosimetry measurement [13] . The radiation dose was recorded from the CT console display of the estimated CT dose index and estimated dose length product. The tracheal protocol used 16 cm of coverage (320 Â 0.5-mm detectors) and 4.5e6.5 seconds of continuous x-ray exposure by using low-dose CT parameters.
Results
All patients were able to follow the protocol and breathing instructions. The dynamic volume CT acquisition provided sufficient z-axis coverage in all patients. The scan parameters and associated radiation dose are illustrated in Table 1 . We were able to document TM/TBM in all patients with varying degrees of airways collapse, which ranged from 50% to >90% of the luminal cross-sectional area (Table 2, Figure 2 ).
Dynamic 4D evaluation of the airway demonstrated that peak airway collapse does not occur synchronously throughout the airway; the proximal trachea demonstrates peak collapse at 3e4 seconds after onset of expiration, whereas peak collapse occurs in the distal trachea at 2e3 seconds. Therefore, in our patient cohort, peak airway collapse in the upper trachea between the thoracic inlet and aortic arch occurs later in the expiratory cycle than collapse between the aortic arch, carina, and main stem bronchi (Figure 3 ). The trachea at the level of the aortic arch was the site most frequently involved with TM and demonstrated the most severe LC ( Table 2 ). The 4D volume-rendered images were used to demonstrate extensive tracheomalacia of the central airway (Figure 4) , and there was good agreement in assessing the percentage change in airways area by using the axial cross-sectional images and volume measurements in all 6 patients ( Table 3 ). The mean effective radiation dose attributable to the CT studies is shown in Table 1 .
Discussion
Tracheomalacia and TBM cause significant respiration impairment and are underdiagnosed disorders in adult patients. It is important to make the diagnosis and accurately assess the cranial caudal extent of disease, because severe forms of TM may require surgical intervention, including resection and tracheal stent placement, therefore, accurate delineation of the extent of disease is important [14e16]. To date, there is limited published data regarding the prevalence and severity of TM at different levels of the central airways.
In a bronchoscopic series of more than 2000 patients, Jokinen et al [2] described TBM in 4.5% of individuals, with isolated involvement of the trachea in 22%, TBM in 62%, and isolated bronchomalacia in 16% of subjects. Our preliminary data confirmed the findings from previous CT studies that TM and/or TBM can affect any segment of the central airway [11] .
Fiberoptic bronchoscopy is the conventional criterion standard for airway assessment, because the technique facilitates real-time, dynamic interrogation of any segment of the central airway. However, the technique is invasive and requires sedation in patients who may already have underlying limited pulmonary reserve. Therefore, there has been considerable focus on using MDCT for airway assessment [5e12]. The limitation in anatomical coverage with 4-to 16row MDCT requires dynamic analysis of the airway at 3e4 predefined anatomical levels, without evaluation of the entire trachea. The anatomical coverage is considerably improved with 64-row MDCT, which facilitates a dynamic helical examination of the entire intrathoracic trachea during forced expiration [10] , that has been shown to be a sensitive noninvasive technique to assess TM [9, 12, 17] ; however, the patient is required to be scanned twice: initially during end inspiration, followed by forced expiration, because of limited z-axis coverage with 64-row MDCT [18] . Further cine MDCT with a 32-mm z-axis focused on the lower trachea and carina during coughing has been published [19] . Although this technique is an incremental improvement upon previous CT protocols, the inherent limitation in z-axis coverage, even with 64-row MDCT, dictates that, if a helical acquisition of the entire central airways is performed, then different airway segments are imaged at varying phases of respiration [11] . Because the conventional technique with 64-row MDCT relies on data acquisition in the craniocaudal direction, for TM to be detected, there either needs to be prolonged segmental airway collapse or more transient TM occurring in the same craniocaudal sequence as data acquisition. Otherwise, the diagnosis, severity and extent of TM is likely to be underestimated. In our study, peak LC occurred earliest in the lower central airway, at 2e3 seconds after onset of expiration, with upper tracheal collapse occurring 2e3 seconds later, that is, at 4e6 seconds after onset of expiration. A conventional dynamic helical tracheal protocol by using 64-row MDCT and a table speed of 53 mm/s and zaxis of 16 cm is completed in 3.5 seconds. Given the findings in this study, this technique could potentially underestimate the incidence of TM proximally and the extent of TM in the lower central airways. It is possible that scanning the airways in the caudal-cranial direction during a dynamic helical acquisition may be more sensitive for TM.
Evaluation of the volumetric 4D data set provided a qualitatively superior global overview of airway dynamics, which was not formally assessed in this study. However, there was no significant difference in quantitative analysis of the percentage change in airway dimension when comparing volumetric to axial images. Therefore, analysis of the airway cross-sectional area at predefined locations on a 4D acquisition is thought to be as accurate as volumetric quantification. This is important in terms of workflow management.
The mean effective radiation dose attributable to the 4D CT protocol was 5 mSv for the single patient who had a body weight of less than 90 kg and a 4.5-second x-ray tube exposure, and was 8.2 mSv for the 5 heavier patients who had body weights in excess of 90 kg and 6.5 seconds of x-ray tube exposure (Table 1 ). The radiation dose attributable to our protocol is higher than the published value for low-dose protocols associated with limited coverage of the airways [12] . This is not surprising, given the use of a large-area detector, continuous low-dose irradiation, a tube potential of 120 kVp, and the number of volumetric acquisitions acquired in our study. The radiation dose levels in this study were lower than the values reported for tracheomalacia CT protocols when using 8-row MDCT [11] or 64-row MDCT [10, 18, 19] and within the limits recommended values for clinical chest CT studies [20] . However, it is important to maintain radiation doses as low as reasonably achievable, therefore, we are conducting further improvements in the CT protocol to reduce the effective radiation dose, including optimizing the x-ray exposure time, decreasing the tube current or tube potential, and selecting different reconstruction filters. With these modifications, it is likely that the effective dose will be 3e5 mSv for all patients.
There are acknowledged limitations with this study, namely, the small number of patients and the lack of correlation with bronchoscopy for all patients. However, previous studies showed a good correlation between the results of dynamic CT and bronchoscopy [9, 17] , and the aim of this initial report was to highlight the advanced dynamic airway protocol possible with a novel large-area detector CT and to indicate potential limitations of current CT techniques. It should also be acknowledged that tracheal collapse of 50% or greater has also been noted in patients without documented airway disease [10] , therefore, the radiologic report needs to be evaluated in conjunction with clinical evaluation. In addition, as in previous studies, the use of dynamic respiratory maneuvers inevitably induced excess motion in the early expiratory images, which led to partial volume artifacts and partial obscuration of the airway lumen ( Figure 3 ). This artifact is likely to be reduced with improved temporal resolution consequent to faster GRs (350 msec).
In conclusion, this technical report demonstrates that 4D isotropic, isovolumetric, and isophasic imaging of the central airway was possible when using 320-row MDCT and is a promising technique that provides a more comprehensive and possibly more accurate assessment of central airway dynamics than conventional MDCT assessment for the diagnosis and exclusion of TM and TBM. Additional work is required to optimize the technique to further reduce the effective radiation dose and to decrease partial volume artifacts from excess airway motion. Table 3 Results of volume measurements of the trachea compared with the maximal luminal collapse on axial measurements (see Table 2 ), evaluated at 1 of the 4 different predefined levels Patient no. Table 2 .
